The vertebral column is the primary stiffening element of the body of fish. This serially jointed axial support system offers mechanical control of body bending through kinematic constraint and viscoelastic behavior. Because of the functional importance of the vertebral column in the body undulations that power swimming, we targeted the vertebral column of cartilaginous fishes-sharks, skates, and raysfor biomimetic replication. We examined the anatomy and mechanical properties of shark vertebral columns. Based on the vertebral anatomy, we built two classes of biomimetic vertebral column (BVC): (1) one in which the shape of the vertebrae varied and all else was held constant and (2) one in which the axial length of the invertebral joint varied and all else was held constant. Viscoelastic properties of the BVCs were compared to those of sharks at physiological bending frequencies. The BVCs with variable joint lengths were then used to build a propulsive tail, consisting of the BVC, a vertical septum, and a rigid caudal fin. The tail, in turn, was used as the propeller in a surface-swimming robot that was itself modeled after a biological system. As the BVC becomes stiffer, swimming speed of the robot increases, all else being equal. In addition, stiffer BVCs give the robot a longer stride length, the distance traveled in one cycle of the flapping tail.
Propulsive Functions of Vertebral Columns I n sharks and other fish, the body's primary skeleton is the vertebral column, which runs from the head to the caudal fin (Summers & Long, 2006) . The vertebral column is a jointed framework to which muscles attach and on which the muscles pull to create the traveling waves of flexure that transfer momentum from the body to the surrounding fluid. The vertebral column is composed of rigid elements, called vertebrae, connected by flexible intervertebral joints (Grotmol et al., 2003; Koob & Long, 2000) . The joints and their adjoining vertebrae limit the body's kinematic degrees of freedom, constraining bending primarily to the lateral direction in response to loads imposed by muscle, inertia, and external fluid forces (Grotmol et al., 2006; Porter et al., 2009; Symmons, 1979; Schmitz, 1995) . In this way, the vertebral column functions to control dynamic reconfigurations of the self-propelling body.
In roll-stable sharks and fish, lateral body bending is characterized by the overlay of harmonic and transient motions that range from small traveling flexures to large-amplitude standing waves . These bending motions produce the propulsive forces that create forward swimming, turning maneuvers, and rapid accelerations. Across many different kinds of fish, the stiffness of the bending joints, measured as the apparent Young's modulus, E, ranges from 0.1 to 8 MPa (Long et al., 2002) . The E is a mechanical property, sometimes called the "material stiffness," that measures the contribution of the material, independent of its geometric arrangement in the structure, to the structure's resistance to changing shape when an external load is applied to it.
Joints with any appreciable stiffness at all may at first seem to be a paradox: why not have low-stiffness joints that cost little, in terms of mechanical work, to bend? The answer seems to be two-fold: (1) Stiff joints increase their resistance, in terms of the absolute bending moment, M (in units of Nm), in proportion to the magnitude of bending curvature, κ (m
−1
). This resistance, which can grow nonlinearly with κ, serves as a brake, limiting lateral bending (Long et al., 2002) .
(2) Stiff joints store and release more mechanical work, so-called "elastic energy," than flexible joints (Long, 1992) . The amount of work released in elastic recoil is also in proportion to E and to the square of κ. Hence, the vertebral column functions best as a spring when muscles have reached their functional limits, at the end of a large-κ bend when connective tissues are stiffest.
To explore the mechanical design space of vertebral columns, we created biomimetic vertebral columns (BVCs). The BVCs are modeled after the vertebral column of sharks. We chose sharks' vertebral columns since they are structurally simple, compared to those of bony fish, consisting of cylindrical centra, small neural and hemal arches, and thin intervertebral joints (Figure 1 ). Together, a centrum and its arches are called a vertebra, and in the cartilaginous sharks, skates, and rays, the vertebrae (plural form of 'vertebra') are composed of mineralized cartilage. The compressive stiffness of these vertebrae, measured by E, ranges from 25 to 500 MPa, overlapping the lower range of E for bone (Porter et al., 2006) . Compared to the bone of mammals, for a given value of E the vertebrae of sharks are stronger, where strength is measured in terms of breaking stress . Thus, in some ways, vertebral columns made of mineralized cartilage perform better than vertebral columns made of bone.
In summary, vertebral columns serve at least three important propulsive functions during swimming: (1) they control dynamic reconfigurations of the body by limiting the kinematic degrees of freedom, (2) they brake high-amplitude bends by virtue of their stiffness, and (3) they integrate muscle work over time by recoiling elastically.
To build a BVC that can function as part of an aquatic propulsion system, we (1) characterized the morphology (size and shape) of the vertebral columns of sharks, (2) measured the mechanical properties of those vertebral columns as they underwent sinusoidal bending, (3) used that information about morphology and mechanical properties to design BVCs, (4) tested BVCs as they underwent the dynamic bending characteristic of swimming and propulsion, and (5) tested the BVCs as the primary skeleton in the flapping tail of an aquatic robot.
Morphology of Sharks' Vertebral Columns
In three individuals of the blacktip shark, Carcharinus limbatus, and the bonnethead shark, Sphryna tiburo, we measured, from radiographs, the following features from the head to the beginning of the caudal fin ( Figure 2 ): (1) the length of centrum, c, (2), the diameter of the centrum, d, (3) the length of the intervertebral joint, j, and (4) the cone angle, Ξ, of the capsule of the joint. Blacktip sharks, members of the family Carcharhinidae, were chosen because
FIGURE 1
Vertebral columns of two species of sharks. For scale, each centrum shown here is between 4-and 6-mm long in the head-to-tail direction. Head is to the left; tail is to the right. they are known to be fast swimming predators of fish. In contrast, bonnethead sharks, members of the hammerhead family Sphyrnidae, are known less for their speed and more for their maneuverability and ability to find and eat crustaceans. Of similar adult body size, the two species represent contrasting swimming styles and ecologies. Three individuals of each species were used for this study.
In the bonnethead shark, all the morphological features, except d, increased in size from the head to the end of the abdomen and then decreased towards the caudal fin (Figure 3) . In blacktip shark, only Ξ and c varied from head to caudal fin. The significance (α = 0.05) of the morphological variation was determined with a multivariate analysis of covariance (MANCOVA), with species and position as main effects and individual as the covariate (JMP 8.0.2., SAS Institute, Cary, NC). Following an identity model MANCOVA, univariate ANCOVAs were also run.
The variation in the morphology of these vertebral columns was used to guide the construction of the BVCs. For each of the sharks' morphological features, we indicated which dimensions were used (see black arrows on the ordinates, Figure 3 ).
Mechanical Properties of Sharks' Vertebral Columns
Using the same freshly dissected vertebral columns from which morphology was measured, we conducted 3-point dynamic bending tests using an MTS model Mini Bionix 858 (Eden Prairie, MN) with a 500 N load cell. For blacktip sharks, each vertebral column was cut into five segments of 19 vertebrae each. For bonnethead sharks, each vertebral column was cut into five segments of 14 vertebrae each. The number of segments in each species was varied to keep the absolute length of each test segment approximately equal. Each segment was subjected to sinusoidal bending at a frequency, f (Hz), and maximum curvature, κ (m −1 ), varied to hold constant the time rate of change of κ, which is equivalent to the strain rate (actuator displacement amplitude of 2 mm s −1 ).
To characterize the viscoelastic properties of the vertebral column during bending, the apparent storage and loss moduli, E′ and E″ (MPa), respectively, were measured at each combination of two species, five segment positions, and three κ. The E ′ measures the purely elastic component of the stiffness; it is the force proportional to the magnitude of the bending of the vertebral column. The E″ measures the purely viscous component of the stiffness; it is the force proportional to the velocity of the bending of the vertebral column. These properties were calculated from the following formulae:
48Iy max and δ is the phase lag (radians) between the displacement and load signals. Moreover, F max is the force (N) measured at the load cell, L is the gauge length of the specimen (m), I is the specimen's
FIGURE 2
Measuring vertebral morphology of blacktip and bonnethead sharks. Representative X-rays show the heavily mineralized vertebral centra, which possess an "X" shape in this two-dimensional view that is from cone-shaped joint capsules. The dark space between vertebrae is the intervertebral joint. The morphology of each vertebra and intervertebral joint was measured from digitized landmarks (blue dots). (Color versions of figures available online at: http://www.ingentaconnect.com/ content/mts/mtsj/2011/00000045/00000004.) second moment of area (m 4 ), and y max (m) is the distance from the presumed neutral plane of bending (transverse center of specimen) and the lateralmost fibers of the specimen.
In blacktip sharks, the E ′ and E″ values were of greater magnitude ( p < 0.05) than those of bonnethead sharks (Figure 4) . In both species, E′ increased towards the tail, an effect that is amplified at higher values of κ, as indicated by a significant (p < 0.05) interaction term. The significance of the variation in E′ and E″ was determined using ANOVA, with species, position, and κ as main effects (JMP 8.0.2., SAS Institute, Cary, NC).
Since the data blacktip and bonnethead sharks were taken at a single amplitude of strain rate (2.0 mm s −1 ), we sought additional information about how E′ and E″ vary with changes in strain rate. We also wanted to test the hypothesis that the intervertebral capsule, which contains liquid under above-ambient pressure, uses its internal fluid pressure to alter the apparent E′ and E″ of the vertebral column. Because blacktip and bonnethead sharks were not available for these tests, spiny dogfish, Squalus acanthias, were used. Fresh 10-vertebrae segments were removed from the region of the first dorsal fin in three dogfish. Each segment was pressure-clamped at the terminal vertebrae and end-loaded with bending moments, M (for experimental configuration, see . The bending motion was delivered via moment arms attached to a single-axis linear actuator using an MTS model Tytron 250 (Eden Prairie, MN) and a 50-N load cell. To test the effects of both f and κ on E′ and E″, each segment was bent sinusoidally at each combination of five f values and three κ values. In addition, to test the effects of the integrity of the fluid-filled intervertebral joint capsule on E′ and E″, we repeated this suite of tests after (a) puncturing a single joint capsule located in the middle of the segment and (b) puncturing three joint capsules, including the first one punctured and two adjoining capsules. Increases in f increased only E′ ( p < 0.05) while increases in κ increased both E′ and E″ ( Figure 5 ). The only significant effect of puncturing the intervertebral capsule was when three capsules were punctured, and even then only E″ increased. The
FIGURE 3
Vertebral morphology of sharks. Four dimensions were used to characterize the size and shape of the vertebral centra and the intervertebral joints. The means of three individuals for each species are shown; individuals ranged from 0.59 to 0.91 m in overall body length. The error bars indicate the standard error of the mean. Black arrows show the specific dimensions represented in our BVCs. MANCOVA, using the identity method, calculated a significant Wilkes λ (p < 0.0001), with a significant interaction of species and position and significant main effect of species; the covariate, individual, was also significant. Partial correlations among the response variables ranged from a low of 0.38 between j and d to a high of 0.79 between Ξ and c. Significance level is indicated (*p < 0.05, **p < 0.01, ***p < 0.001).
significance of the variation in E′ and E″ was determined using ANCOVA, with puncture, f, and κ as main effects and individual as the covariate (JMP 8.0.2., SAS Institute, Cary, NC).
In summary, the vertebral columns of sharks have mechanical properties that are highly variable. As species and anatomical position change, so, too, do E′ and E″. Within a given vertebral segment, the apparent storage modulus, E ′, and the apparent loss modulus, E ″, can be altered by the bending that they undergo. Increasing the segment's curvature, κ, increases both E′ and E″; increasing the segment's frequency of bending, f, increases the E′. Knowing the mechanical behavior of shark vertebral columns under realistic bending conditions creates specifications for BVCs.
Designing BVCs
To begin to understand how to control the mechanical behavior of BVCs, we built two classes of sharkinspired BVC: (1) BVC with variable cone angle, Ξ (BVC Ξ ): vertebrae were created with variable Ξ and the BVC had constant joint length, j, and (2) BVC with variable joint length, j (BVC j ): vertebrae were created with a constant Ξ and the BVC had variable j. In addition to exploring the effects of the structures Ξ and j, we also varied the amount of cross-linking of the hydrogel material forming the joint. Thus, we explored the BVC "morphospace," the variety of designs described by three dimensions: Ξ, j, and cross-linking. Part of this exploration involved the challenge of making composite structures that concatenate flexible and rigid elements. After fabrication and mechanical testing of both classes of BVC, we selected a single class, the BVC j , for performance testing in a tail-flapping aquatic robot.
In the BVC Ξ , vertebrae were designed in software (SolidWorks, Dassault Systèmes SolidWorks Corp., Concord, MA) to have the following values of Ξ: 15°, 30°, and 45° (Figure 6) . These values correspond to low, medium, and high values of Ξ measured in sharks (see Figure 3) . The diameter, d, and axial length, c, of the vertebrae were fixed at 1 cm for both. The j of the column was fixed at 0.25 cm.
Vertebrae were fabricated with a rapid prototyper (Z-Corp, model 310), which produced a porous, plaster part that was subsequently infiltrated with cyanoacrylate (EZ bond 5cps, K&R International, Diamond Bar, CA). This process yielded vertebrae with mean compressive moduli, E (MPa) of 43, 50, and 61 for vertebrae with values of Ξ at 15°, 30°, and 45°, respectively. These values of E are within the range measured for shark vertebrae (Porter et al., 2006) .
Vertebrae of a given Ξ were assembled into a BVC Ξ in two stages. First, seven vertebrae were linked together, spaced at the fixed j, with eight horse hairs (E in tension of 900 MPa) arrayed axially and affixed to the outer circumference of the vertebrae. These horse hairs served as first
FIGURE 4
Mechanical properties of the vertebral columns of sharks in sinusoidal bending. Points are means from three individuals. Error bars are the standard error of the mean. Size of the symbol indicates the relative magnitude of the curvature, κ. Significance level is indicated (n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.001).
approximations of the intervertebral ligaments found in the vertebral columns of sharks. Second, a 10% porcine gelatin solution was injected in between the vertebrae; the gelatin was solidified at 4°C. Once solidified, each BVC Ξ was then subjected to one of three fixation treatments: 0, 1%, or 5 % glutaraldehyde, a chemical agent that cross-links the collagen in the hydrogel. A total of nine different types of BVC Ξ were produced, with each possible pairwise combination of Ξ and glutaraldehyde concentration.
In the BVC j , vertebrae were designed to have a Ξ of 90°, which created ring-shaped vertebrae (Figure 7) . The d and c of the vertebrae were fixed at 0.5 and 1.0 cm, respectively.
The overall length of the BVC j was fixed at 8.4 cm. As the number of nonterminal vertebrae were varied from 0 to 11, j varied from 720 to 0.5 mm. These values of j created a range that extended below and above the range of j measured in sharks (see Figure 3) .
Vertebrae wer e milled from Delrin™, a polyoxymethylene thermoplastic. Delrin has a compressive E of 3.1 GPa (Delrin Design Guide, Module III, from DuPont), which lies in the middle of the range of E values reported for shark vertebrae (Porter et al., 2006) .
The ring vertebrae had an inner diameter of 0.8 cm, which matched the outer diameter of hydrogels made from 10% porcine gelatin fixed in 2.5% glutaraldehyde . Vertebrae were slid onto the hydrogel, spaced evenly at the desired j, and affixed to the hydrogel with cyanoacrylate adhesive. A total of 12 different types of BVC j were produced, one type for each of the 12 different values of j. Three replicates of each type were produced and tested. Please note that in the BVC j horse hairs were omitted because at all but the smallest values of j, the hairs cut into the hydrogel during bending.
Mechanical Properties of BVCs
The E′ and E″ of the BVCs were measured in two different kinds of sinusoidal bending test, which corresponded to the tests performed on sharks' vertebral columns. In the BVC Ξ , 3-point bending tests were conducted in a manner identical with those on the blacktip and bonnethead sharks. In the BVC j , end-loaded bending tests were conducted in a manner identical with those on the spiny dogfish sharks. The E′ and E″ data for the BVC j have been analyzed previously . In the analysis here, the data have been reanalyzed to calculate the mechanical work required to bend the BVC j and the mechanical work recovered as recoil.
In the BVC Ξ , both E′ and E″ increased as the glutaraldehyde concentration increased, E′ and E″ decreased as the Ξ increased, and E ′ increased and E″ decreased as κ increased (Figure 8) . The significance of the variation in E ′ and E ″ was determined using ANOVA, with glutaraldehyde concentration, Ξ, and κ. as main effects ( JMP 8.0.2., SAS Institute, Cary, NC).
FIGURE 5
Mechanical properties of the vertebral column vary as a function of cycle frequency, f, and the integrity of the intervertebral joint in the spiny dogfish, Squalus acanthias. Points are means from three individuals. Error bars are the standard error of the mean. Size of the symbol indicates the relative magnitude of the curvature, κ. Significance level is indicated (n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.001).
Compared to the mechanical properties of shark vertebral columns, the BVC Ξ have values of E ′ that have a wider range, overlapping the lower values and exceeding the sharks' higher values by an order of magnitude (compare Figures 8 and 4) . In contrast, the E″ values of the BVC Ξ overlap only with those of the bonnethead shark; the BVC Ξ has much lower values of E ″ than either the blacktip or spiny dogfish shark. Moreover, the E ′ for BVC Ξ decreases as κ increases; we measured the opposite trend in sharks (see Figures 4 and 5) . Hence, the BVC Ξ is not a good biological model in this sense. Our hypothesis as to the source of this strain softening is that the horse hairs force the column to bend primarily by compression, rather than by a combination of tension and compression.
In the BVC j , both E′ and E″ decreased nonlinearly as j increased (Figure 9 ). Compared to the mechanical properties of dogfish vertebral columns, the BVC j span a nearly identical range of E ′ and E ″ values. The greatest sensitivity to changes in j occurred at the smallest values of j (Figure 9 ) in the region that corresponds to the j measured in the vertebral columns of sharks (Figure 3) . In data shown elsewhere , E ′ and E ″ of the BVC j increased with increasing κ, just as in sharks (see Figure 5 herein). Moreover the E′ increased with increasing f, as likewise seen in sharks ( Figure 5) .
The mechanical work to bend the BVC j increased with increasing κ and increasing E′ (Figure 9 ). The mechanical work recovered as elastic recoil, W recoil , is a function of the resilience, R, which, over all the testing conditions and sizes of joints, averaged 76%.
BVCs in Aquatic Vehicles
The flexible skeletons of sharks and fish are inspiring the design of novel propulsive systems and aquatic vehicles (for review, see Fish, 2006; Long, 2007 . Fins with life-like flexibility have been built to propel a 0.7 m long robotic turtle and a 0.4 m long robotic knifefish (Curet et al., 2011) . Bodies with life-like flexibility have been built to
FIGURE 6
BVCs (BVC Ξ ) with variable cone angles, Ξ, and constant joint length, j.
FIGURE 7
BVCs (BVC j ) with variable joint lengths, j, and constant cone angle, Ξ.
July/August 2011 Volume 45 Number 4 propel a 0.7-m long robotic electric ray (Krishnamurthy et al., 2010) , a 0.5-m long robotic trout (Kruusmaa et al., 2011) , a 0.12-m long mechanical sunfish (McHenry et al., 1995) , and a 0.5-m long mechanical pickerel (Conte et al., 2010) . Of these self-propelled aquatic vehicles, only the mechanical pickerel has anything resembling a vertebral column: a piece of spring steel designed to release mechanical work to power accelerations.
The BVC j presented here was invented to propel a surface swimming, 0.3-m long tadpole robot Doorly et al., 2009) , known as Tadro4 (Figure 10 ). BVC j were attached to a servo motor that created a sinusoidally varying pitching motion of a tail. That pitch bent the BVC j , creating a bending moment that propagated down the length of the BVC j in a traveling wave that, in turn, oscillated the terminal caudal fin. In this configuration, without distributed muscles, the BVC j acts as both a transmission system, transferring momentum from the servo motor to the caudal fin, and as a propeller, directly transferring momentum to the surrounding fluid.
Since Tadro4 was built to behave reactively, with sensorimotor feedback systems creating foraging and predator avoidance, we needed a version that could be programmed to swim straight using a constant flapping frequency of the tail, f, and lateral amplitude of the caudal fin. That modified version of Tadro4 was called MARMT (Mobile Autonomous Robot for Mechanical Testing), and it had a hull length of 17 cm and a tail length of 10 cm .
Outfitted with a given BVC j , MARMT's steady swimming performance was measured as swimming
FIGURE 8
The mechanical properties of the BVCs (BVC Ξ ) with variable cone angles, Ξ, and constant joint length, j. Horizontal bars indicate the median, the lower and upper limits of the box indicate the 25th and 75th percentiles, respectively, and the whiskers indicate the range.
FIGURE 9
The mechanical properties of the BVCs (BVC j ) with variable joint length, j, and constant cone angle, Ξ. Top row: points represent the means of E ′ and E ″ pooled across f and κ; error bars are one standard error of the mean. Bottom row: points are not pooled.
speed, U, and stride length, the slope of the line of U regressed onto f, which measures the distance the robot travels over one period of the flapping tail ( Figure 11 ). As f increased for any BVC j , so, too, did the U. The BVC j with greater values of E ′ produced a more rapid increase in U, over the same range of change in f, compared to BVC j , with smaller values of E′ (Figure 11, top panel) . The stride length of MARMT increased initially, doubling as E′ doubled, before tapering off.
When the BVC j operates in the flapping tail, MARMT's swimming performance is clearly linked to the mechanical properties of the BVC j , E′ in the case shown here. Those mechanical properties are, in turn, under the control of the structure of the BVC j . Thus these experiments, taken together, demonstrate the functional relationship between the structure of the BVC j and the performance of a self-propelled aquatic robot.
Summary
Using the morphology and mechanical properties of the vertebral columns of sharks as our biological target, we built and tested a series of BVC. The mechanical behavior of the BVCs, measured by the storage and loss moduli over a range of bending frequencies and curvatures, can be altered by changing (1) the material properties of the hydrogel that makes up the intervertebral joint, (2) the length of the intervertebral joint, or (3) the shape of the vertebrae. BVCs are sufficient to function as propulsive elements in swimming aquatic robots: in Tadro4 and MARMT the BVC converts a simple pitch oscillation from a servo motor into a wave of bending that drives the caudal fin laterally.
Having identified variables that influence the mechanical behavior of BVCs, we offer a few observations for those wishing to build jointed, flexible biomimetic skeletons for use in flexible, flapping propulsive systems:
(1) Design of biomimetic systems: Engineered systems that are much
FIGURE 10
The aquatic robot, Tadro4, is propelled by a BVC (BVC j ). Tadro4 is a fully-autonomous surfaceswimmer with a flattened circular body and propulsive undulatory tail. It is modeled after fish like the extinct Drepanaspis and the living electric ray, Narcine. Using sensory input from photoresistors and IR proximity detectors, Tadro4 searches for and swims up light gradients while avoiding collisions. Tadro4 is propelled by its submerged BVC j , which is wrapped in a thin membrane, attached to a caudal fin, and actuated by an oscillating servo motor. Tadro4 was developed by Doorly et al. (2009) . Photo of Drepanaspis specimen 8462, American Museum of Natural History. Photo of adult Narcine is courtesy of Dr. Steve Kajiura.
simpler than the targeted biological system can match and extend the targeted range of mechanical behaviors.
(2) Control of mechanical properties: The spacing of rigid elements in a flexible matrix is more important than the shape of the rigid elements or the material properties of the flexible material.
(3) Control of reconfiguration: Because of the strain-and strain-ratedependence of viscoelastic materials, no passive, flexible propulsive system, if its E′ and E″ matches that of the vertebral column of sharks, will produce constant motions over a wide range of motor inputs. This work is a straight-forward example of one method of biomimetic design (Fish, 2006; Long, 2007) : describe, test, build, and test. Start by identifying a specific operational context-aquatic undulatory propulsion in this case. Then describe, quantitatively, the biological system's functional morphology. Next, test the morphology's mechanical behavior under physiologically relevant testing conditions. Finally, build and test simple biomimetic models of the system that change just a single structural variable over a wide range. Repeat this process with different variables, ceteris paribus, until the designer knows which variables permit the natural system and its operational range to be mimicked or extended in biomimetic form.
